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PURPOSE 


The  factors  influencing  breakdown  in  hig'  voltage  vacuum  devices 
will  be  studied.  The  information  obtained  will  provide  the  basis  for  improve¬ 
ment  in  the  design  of  microwave  and  modulator  tubes  that  must  operate  at  volt¬ 
ages  greater  than  100  kilovolts  without  breakdown. 
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ABSTRACT 


Statistical  and  physical  analyses  of  the  block  of  eight  experiment 
were  carried  out  for  unconditioned  gaps  and  for  conditioned  gaps  with  and  with¬ 
out  perpendicular  magnetic  field.  The  other  factors  examined  were  anode  and 
cathode  treatment  (vacuum  or  hydrogen  firing)  and  electrode  size.  Prebreak¬ 
down  current  and  breakdown  voltage  values  were  examined  in  the  statistical 
analysis.  Second  order  and  higher  ordc  r  interactions  were  found  to  be  impor¬ 
tant  in  addition  to  main  factor  effects.  The  magnetic  field  significantly  affected 
the  breakdown  voltage  and  also  interacted  with  other  factors.  The  theoretical 
m  del  of  the  breakdown  mechanism  developed  was  consistent  with  the  results 
and  trends  of  the  statistical  analysis.  The  300  kv  apparatus  was  disassembled 
for  complete  overhaul,  cleaning  and  remachining.  This  included  electropolish¬ 
ing  of  the  vacuum  chamber  and  polishing  of  all  gold  O-ring  surfaces.  The  box 
heating  oven  was  replaced  with  a  form  fitting  as  heater  blanket  unit  and  the  con¬ 
trols  for  both  and  the  electrode  heaters  were  made  completely  automatic.  The 
latter  have  now  been  removed  from  the  vacuum  envelope  and  the  complete  sys¬ 
tem  has  been  reassembled,  baked  and  made  vacuum  tight. 


LECTURES,  CONFERENCES  AND  PUBLICATIONS 
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SECTION  I 


INTRODUCTION 


The  work  reported  herein  describes  the  twelfth  three  months  of  a 
study  of  high  voltage  breakdown  in  vacuum  with  particular  application  to  prob- 
lems  encountered  in  the  development  of  high  power  vacuum  tubes. 

The  objectives  of  this  period  were  to  clean  and  overhaul  the  300  kv 
system  including  electropolishing  of  the  vacuum  chamber,  to  carry  out  statis¬ 
tical  and  physical  analyses  of  the  complete  bloc.K  of  eight  experiment  and  to 
finalize  the  design  and  selection  of  factors  and  levels  for  the  next  block  experi¬ 
ment. 


1.  1  300  kv  System 

The  300  kv  system  was  completely  overhauled  during  the  reporting 
period.  The  vacuum  chamber  was  electropolished  and  all  flanges  and  the  gold 
O-ring  surfaces  polished  and  machined  where  necessary.  A  replacement  bake- 
able  column  for  the  feedthrough  bushing  was  installed,  baked  and  vacuum  tested. 
Redesign  and  test  of  electrode  heater,  support  and  adjusting  mechanisms  were 
effected.  These  remove  both  heaters  and  thermocouples  from  the  vacuum  en¬ 
velope.  The  high  voltage  power  supply  was  overhauled  and  th^  cable  and  bush¬ 
ing  connections  were  completed  for  the  energy  storage  system  Evaluation 
tests  have  been  carried  out  on  the  vacuum  crowbar  for  the  latter,  and  a  non¬ 
linear  currem  monitor  was  constructed  and  installed  to  measure  current  build¬ 
up. 


1.  2  The  Block  of  Eight  Experiment 

Statistical  and  physical  analyses  of  the  results  of  the  block  of  eight 
experiment  nave  been  carried  out.  Both  prebreakdown  current  and  breakdown 
voltage  values  were  examined  for  unconditioned  gaps  and  for  conditioned  gaps 
without  and  with  perpendicular  magnetic  fields.  The  three  other  factors  were 
anode  and  cathode  treatment  and  electrode  area.  The  statistical  analysis 
yielded  significant  trends  for  higher  order  interactions  as  well  as  main  factor 
effects.  These  were  observed  to  be  influenced  both  by  conditioning  and  the 
presence  of  the  magnetic  field.  They  were  also  found  to  be  consistent  with  the 
model  of  breakdown  developed  from  the  physical  analysis. 


1.  3  Design  of  Second  Block  Experiment 

The  design  of  the  second  block  experiment  has  been  completed  and 
the  factors  selected.  It  will  be  a  32  treatment  2^  full  factorial  experiment 
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involving  5  inflexible  factors.  It  will  be  split  into  two  lb  treatment  2^  full  fac¬ 
torial  blocks  to  enable  a  meaningful  analysis  to  be  carried  out  at  the  halfway 
stage  and  to  tacilitate  the  incorporation  of  three  additional  flexible  factors  in 
parallel  experiments.  The  factors  will  be  as  follows: 

(1)  Inflexible :  anode  material,  cathode  material,  electrode 
treatment,  anode  size  and  anode  shape; 

(2)  Flexible:  magnetic  field,  gas  exposure  and  stored 
energy. 

The  inflexible  factors  will  be  examined  at  two  levels  and  the  flexible  over  a 
range  of  values. 
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SECTION  2 

300  KV  TEST  VEHICLE 


2.  1  Vacuum  Chamber 


During  the  reporting  period,  overhaul  of  the  vacuum  chamber  was 
completed  and  trial  bakeouts  carried  out.  These  included  the  modified  elec¬ 
trode  heater  and  support  structures  which,  because  of  heat  transfer  problems, 
needed  further  modifications.  Electrode  bake  in  a  'cold1  chamber  using  the 
latest  version  of  this  electrode-heater  structure  has  yielded  temperatures 
in  excess  of  400°C  at  the  face  of  the  electrodes.  The  new  bakeable  column  has 
been  installed  in  the  chamber  and  has  undergone  two  successful  bakeouts  to 
3  50  °C. 

2.  1.  1  Pumping  System 

The  pumping  system  described  in  the  Eleventh  Quarterly  Progress 
Report  has  continued  to  operate  satisfactorily.  The  roughing  section  consists 
of  one  Varian  gasp  pump  and  two  Varian  sorption  pumps  which  are  isolated 
from  the  main  chamber  by  means  of  a  Varian  1-1/2  inch  bakeable  valve.  The 
main  pumping  system  consists  of  one  General  Electric  500  liters/sec  triode 
ion  pump  and  after  trial  chamber  and  electrode  bakeouts  low  10"°  torr  pres¬ 
sure  has  been  achieved. 


2.  1.  2  Feedthrough  Bushing 

A  new  bakeable  column  has  been  installed  to  replace  the  unit  which 
was  used  throughout  both  the  pilot  and  the  block  of  eight  experiment.  This  has 
been  baked  to  350°C  in  the  chamber  without  developing  any  vacuum  leaks.  Sub¬ 
sequently,  it  withstood  300  kv  without  difficulty.  During  this  time,  it  was  ob¬ 
served  to  glow  along  the  alumina  rings  which  were  observable  through  the  view¬ 
port  and  not  obscured  by  the  electrostatic  shield.  Upon  removal  from  the  cham¬ 
ber  all  alumina  rings  were  found  to  be  discolored  but  the  electrical  charac¬ 
teristics  of  the  bushing  were  in  no  way  affected.  The  discoloration  was  caused 
by  electron  bombardment  of  alumina. 


2.  1.  3  Bakeable  Leak  Valve 


A  Varian  bakeable  leak  valve  was  installed  on  the  vacuum  pumping 
line  during  the  previous  reporting  period.  This  can  consistently  control  leaks 
as  small  as  1  x  10"10  torr-liters  per  second  and  has  now  undergone  two  system 
bakeouts  without  experiencing  problems. 


7 


High  Voltage  Power  Supply 


2.  2 


At  the  conclusion  of  the  'block  of  eight1  experiment,  the  grounding 
solenoid  on  the  Voltronics  300  kv  power  supply  burned  out.  A  complete  and 
modified  grounding  assembly  was  supplied  by  Universal  Voltronics.  This  has 
been  installed  and  has  operated  satisfactorily. 

To  ensure  that  cable  transient  times  are  constant  with  and  without 
energy  storage  connected,  the  next  block  experiment  of  32  treatments  will  be 
performed  with  approximately  25  feet  of  cable.  A  schematic  diagram  is  shown 
in  Figure  2-1.  The  100  ohm  resistor  currently  in  use  will  need  to  be  replaced 
by  a  higher  dissipation  resistor  such  as  copper  sulfate  when  the  energy  storage 
is  attached  in  order  to  provide  the  capability  ok  dissipating  the  maximum  energy 
(viz,  7000  joules). 


2.  3  Baking  System 

2.  3.  1  Chamber 

The  new  heating  system  described  in  previous  Quarterly  Progress 
Reports  has  now  been  successfully  operated  a  number  of  times  and  all  control 
and  safety  devices  tested.  These  included  the  ion  pump  pressure  relay  which 
cut  off  the  mantle  heater  power  when  the  ion  pump  pressure  rose  to  1  x  10"5 
torr  and  restored  it  when  the  pressure  dropped  back  to  3  x  10-6  torr.  When 
system  baking  temperature  (viz,  375 °C)  at  the  viewport  was  achieved,  the  re¬ 
lay  controls  maintained  this  temperature  to  within  2°C  for  the  duration  of  the 
bake.  The  electrode  heater  temperature  control  at  the  same  time  was  main¬ 
tained  to  within  5®C  of  450°C.  Both  electrode  temperatures,  as  well  as  the 
chamber  temperature,  are  continuously  recorded. 


2.  3.  2  Electrodes 


The  heater  design  described  in  the  previous  Quarterly  Progress 
Report  (Figure  2-2)  proved  to  be  inadequate  during  a  trial  bake  cycle.  With 
the  chamber  at  J70°C  and  electrode  heater  temperature  controlled  at  510°C, 
the  temperature  at  the  electrode  surface  was  only  370°C  after  four  hours.  It 
was  later  discovered  that  the  high  temperature  differential  was  due  to  poor 
interface  contact  which  caused  the  heat  transfer  coefficient  to  the  electrode  to 
be  low.  In  addition,  there  were  two  interfaces,  one  between  the  heater  and  the 
stainless  steel  envelope,  and  the  other  between  the  envelope  and  tha  electrode. 
The  design  was  therefore  modified  to  remove  onp  of  the  interfaces  by  welding 
the  heater  directly  into  the  support  shaft,  and  reducing  the  tolerance  between 
the  heater  diameter  and  the  receiving  hole  in  the  electrode.  The  latter  pro¬ 
duced  a  push  fit  heater  and  resulted  in  heat  transfer  through  the  sides  as  well 
as  the  end  of  the  heater.  This  is  shown  in  Figure  2-3.  It  is  now  fabricated 
and  in  a  trial  bake  produced  electrode  temperatures  in  excess  of  400°C. 
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strumentation 


2.  4 


A  ncn- linear  current  monitor  was  constructed  from  10  Unilrode 
diodes  (UTR  12)  in  parallel  and  may  eventually  be  permanently  connected  in 
series  with  the  cathode  lead  after  suitable  calibration  wit’’  a  known  pulse  cur¬ 
rent  source.  If  it  is  successful,  it  will  permit  observation  of  current  build-up 
at  breakdown  from  the  milliampere  to  kiloampere  range.  A  trial  run  on  the 
chamber  showed  interesting  current  oscillations  in  the  ampere  range  which  are 
not  easily  detectable  on  the  linear  Rogowski  probe  used  previously.  Typical 
cun  ent  and  voltage  waveforms  showing  both  collapse  of  voltage  and  changes  in 
gap  current  during  breakdown  are  presented  and  discussed  in  Section  3. 


2.  5  Magnetic  Field  System 

The  redesign  of  tne  jumping  system  on  the  chamber  has  permitted 
the  magnetic  field  coils  to  be  opened  up  to  80  deg  with  a  resultant  increase  in 
the  horizontal  f’eld  strength  to  420  gauss  (0.  042  inch/m^)  for  300  amperes  in 
each  coil.  Coil  clamps  have  been  fabricated  to  simplify  coil  installation  and 
orientation  for  each  treatment. 


2.  6  Energy  Storage  System 

As  indicated  ir:  Section  2  2,  the  cable  connecting  the  energy  storage 
to  the  power  supply  and  vacuum  chamber  has  been  lifted  with  suitable  termina¬ 
tions  and  installed.  Further  tests  have  been  carried  out  on  th"  vacuum  crowbar 
which  indicates  a  'firing'  time  of  about  5  psec.  Since  this  r»i«  permit  exces¬ 
sive  discharge  of  the  stored  energy  across  the  vacuum  gap,  back-up  designs  foi 
a  crowbar  are  currently  being  studied.  The  most  promising  appears  to  be  the 
IPC  pressurized  trigger  spark  gap  unit  which  has  a  delay  time  of  about  100  nsec 
down  to  50%  of  the  breakdown  voltage.  Thus,  even  when  add*  t:>  the  trigger 
circuit  delay  time  of  500  nsec,  the  total  time  from  initiation  cn  tfse  vacuum  gap 
breakdown  to  operation  of  the  crowbar  would  be  less  than  1.  0  psec. 

It  is  planned  to  evaluate  the  vacuum  crowbar  as  soon  as  possible 
using  a  dummy  spark  gap  assembly  in  conjunction  with  the  energy  storage  unit. 


2.  7  Electrode  Systems 

2.  7.  1  Electrode  Material 


Two  electrode  materials  will  be  used  for  the  next  experiment; 
namely,  alu  r.inum  and  copper.  Aluminum  was  chosen  as  one  of  the  electrode 
materials  even  though  it  is  not  a  metal  used  in  vacuum  tubes  because  of  its 
wide  differences  in  physical  properties  from  copper,  and  the  initial  intention 


12 


of  this  program  was  to  cover  as  large  a  range  of  physical  properties  of  mate¬ 
rials  as  possible.!  1) 


2.  7,  2  Electrode  Geometry 

The  cathode  size  and  shape  will  be  held  constant  throughout  the 
experiment  in  a  2  inch  diameter  sphere  as  shown  in  Figure  2-3.  The  anode 
will  be  either  bruce  profile  or  sphere  with  diameter  of  4  inches  or  1.  28  inches. 
The  four  geometries  are  shown  in  Figures  2-4,  2-5,  2-6  and  2-7.  For  the 
small  diameters  the  electrode  contour  is  dictated  by  the  heater  and  gap  pump¬ 
ing  conductance  requirements  in  addition  to  the  need  to  produce  bruce  and 
spherical  profiles  in  the  gap. 


2.  7.  3  Electrode  Preparation 

Modifications  to  the  procedure  for  copper  described  in  the  previous 
Quarterly  Progress  Report  will  be  necessary  since  the  melting  point  for  alu¬ 
minum  is  670°C.  Accordingly,  the  full  fabrication,  cleaning  and  firing  pro¬ 
cedures  for  both  materials  are  now  included. 

Copper 

(1)  F abrication:  The  electrodes  are  machined  and  ground 
t-^  a  600  grit  silicon  carbide  finish  using  green  soap  and 
distilled  water  as  a  lubricant. 

(2)  Cleaning: 

Wipe  with  acetone. 

Vapor  degrease  in  trichloroethylene  until  condensation 
on  electrode  stops. 

Allow  electrode  to  cool  to  handling  temperature  (approx¬ 
imately  1  i0 0  F). 

Place  in  boiling  sump  of  Genesolv-D  for  5  minutes. 

Place  in  ultrasonic  sump  of  Genesolv-D  for  5  minutes. 

Suspend  electrode  in  vapors  of  Genesolv-D  until  conden¬ 
sation  e*'  electrode  stops. 


ce 


ce 


gure  2-6.  Spherical  .Anode  (1.28 


cal  Anode  (4  Inch  Diameter) 


Electrodes  will  be  handled  c  nly  with  lint- free  cotton 
gloves  after  cleaning. 

(3)  Vacuum  Firing:  Electrodes  are  maintained  at  900°C  in 
vacuum  (<  3  x  10-6  torr)  for  six  hours  and  then  allowed 
to  cool  to  ambient  still  under  vacuum,  at  which  stage 
the  pressure  is  about  5  x  10_9  torr.  The  electrodes 
are  then  transported  in  a  dry  nitrogen  atmosphere  to 
the  test  chamber. 

(4)  Hydrogen  Firing:  Preliminary  tests  were  carried  out  in 
which  electrodes  were  fired  ii.  vacuum  for  six  hours  at 
900 °C  prior  to  hydrogen  firing.  This  was  done  because 
earlier  vacuum  fired  small  electrodes  had  been  vacuum 
etched  and  it  is  hoped  to  produce  the  same  electrode 
surface  structure.  Vacuum  firing  later  with  large  elec¬ 
trodes  did  not  produce  this  effect  and  so  it  was  decided 
to  simply  fire  in  hydrogen  which  is  in  keeping  with  high 
power  vacuum  tube  practice.  The  firing  cycle  is  as 
follows:  The  retort  is  evacuated  and  then  pure  hydro¬ 
gen  introduced  at  a  positive  chamber  pressure  of  a  few 
inches  of  water  and  the  electrodes  baked  at  900°C  for 
six  hours.  The  hydrogen  flow  is  maintained  during 
cooling  to  250°C  and  is  followed  pure  nitrogen  cool¬ 
ing  to  50°C.  (Both  hydrogen  and  nitrogen  are  main¬ 
tained  in  a  dry  state). 


Aluminum 

(1)  Fabiication  and  Cleaning:  Same  as  for  copper. 

(2)  Vacuum  and  Hydrogen  Firing:  Both  are  carried  out  at 
600°C.  Otherwise  the  procedure  is  the  same  as  for 
copper.  Currently,  samples  of  aluminum  are  under¬ 
going  trial  firing  at  600°C  in  vacuum  and  in  hydrogen. 
The  samples  will  then  be  analyzed  for  hydrogen  content. 
These  tests  will  determine  if  diffusion  of  hydrogen  into 
aluminum  at  high  temperature  will  cause  crevices  with¬ 
in  the  metal  or  surface  blisters.  Available  information 
indicates  Jiat  hydrogen  is  soluble  in  solid  and  molten 
aluminum  and  apparently  forms  a  hydride  with  difficu  lty; 
a  catalyst  is  needed.  Hydrogen  from  a  cylinder  did  not 
affect  the  tensile  properties  of  2024- Te  aluminum  alloy 
which  was  heated  at  920  to  930°F  for  20  hours. 
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2.  7.  4 


Assembly  and  Installation 

The  new  quick  connect/ disconnect  electrode  assembly  unit  describ¬ 
ed  in  the  previous  Progress  Report  has  operated  satisfactorily  during  the  re¬ 
porting  period.  The  heater  and  thermocouple  feedthrough  have  been  eliminated 
from  the  anode  support  structure  and  it  is  anticipated  that  they  will  be  eliminat¬ 
ed  from  the  cathode  structure  during  the  current  period. 


2.  7.  5  Stress  Magnification  for  the  Block  Experiment 

A  scaled  up  model  (2  inch  diameter  Bruce  profile  electrodes)  was 
set  up  in  the  electrolytic  tank  and  an  equipotential  plot  taken.  From  the  re¬ 
sults,  a  stress  magnification  plot  for  a  3  cm  gap  was  obtained  and  is  shown  in 
Figure  2-8.  By  extrapolating  to  the  electrode  surface,  it  is  seen  that  the  field 
at  the  electrode  is  approximately  20%  higher  than  the  mean  field. 


SMALL 

BRUCE 

ELECTRODE 


Figure  2-8.  Normalized  Electric  Field  for  2  Inch  Diameter 
Bruce  Profile  Electrodes  with  3  cm  Gap 
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SECTION  3 


STATISTICAL  ANALYSIS  OF  THE  RESULTS  OF 
"BLOCK  OF  EIGHT"  EXPERIMENT 


3.  1  General 


The  following  analyses  wer°  carried  out  to  extract  as  much  infor¬ 
mation  as  possible  from  the  above  experiment.  By  way  of  explanation  the  ex¬ 
periment  was  run  according  to  Table  3-1  which  explains  the  technique  of  "stack¬ 
ing".  The  main  part  was  carried  out  by  investigating  the  results  in  the  top  row. 
This  consisted  of  measuring  the  breakdown  voltages  in  0.  2  5  cm  intervals  from 
0.  50  to  3.  0  cm  in  the  following  gap  sequence. 

1.00  1.25  1.50  1.75  2.00  2.25  2.50  2.75  3.00 

0.25  0.50  0.75  1.00  1.25  1.50  1.75  2.  CO  2.25  2.50  2.75  3.00 

0.25  0.50  0.75  1.00 

It  is  readily  seen  that  25  breakdowns  occurred  and  there  were  12 
breakdowns  between  successive  tests  at  any  one  gap  separation.  The  first  and 
second  result  for  any  size  gap  were  therefore  referred  to  arbitrarily  as,  "un¬ 
conditioned"  and  "conditioned"  respectively. 

The  effects  of  the  various  factors  and  interactions  have  been  de¬ 
rived  by  applying  the  Yates  Algorithm  to  both  sets  of  data  and  the  results  are 
presented  in  Tables  3-2  and  3-3  and  Figures  3-1  through  3-23.  The  second 
row  consists  of  the  experiment  described  in  the  previous  Quarterly  Progress 
Report  in  which  the  various  factors  and  interactions  were  studied  with  and  with¬ 
out  the  magnetic  field  applied. 

Finally  another  experiment  was  performed  on  an  informal  basis  in 
the  sense  that  investigations  were  made  into  the  breakdown  voltage  as  a  func¬ 
tion  of  transverse  magnetic  field  for  various  magnetic  field  strengths  up  to  250 
gauss.  Measurements  were  made  arbitrarily  at  2,  0  and  3.  0  cm  gap  separations 
so  the  results  are  arbitrarily  confounded  somewhat  with  gap  separation.  With 
this  in  mind  however,  the  percentage  change  in  breakdown  voltage  was  calcu¬ 
lated  and  the  effect  on  breakdown  voltage  was  derived  by  application  of  the  Yates 
Algorithm.  These  results  are  presented  in  Figures  3-24  through  3-31. 

Further  to  this  the  average  value  of  the  logarthm  of  the  ultimate 
prebreakdown  current  was  analysed  in  the  same  way  for  the  second  row  experi¬ 
ment  and  the  results  appear  in  Table  3-4  and  Figures  3-32  through  3-46. 

This  pattern  of  investigation  has  thus  been  demonstrated  to  be  highly 
efficient  in  terms  of  output  per  experiment  because  each  row  or  "stack"  is  an 
independent  experiment  repeated  with  magnetic  field  strength  as  a  flexible 
factor. 
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Table  3-2.  Yates  Algorithm  for  Unconditioned  Gaps 
without  Magnetic  Field 
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Figure  3-3.  B  Effect  (Unconditioned) 


Figure  3-5.  The  C  Effect  (Uncor.iitioned) 
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Figure  3-lf>.  The  p.  Effect 


A  Effect 
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The  AB  Effect 


AC  Effect 


BC  Effect 
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Figure  3-28. 
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A  VB(%) 


MAGNETIZING  CURRENT  (amp*) 


Figuie  3-29.  The  ACE  Effect 
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MAGNETIZING  CURRENT  (omp$) 


Figure  3-30.  The  BCE  Effect 


MAGNETIZING  CURRENT  (omp«) 


Figure  3-31.  The  ABCE  Effect 
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Table  3-4.  Yates  Algorithm  for  log  Ipjj  without  and  with 
Magnetic  Field  (Conditioned  Data) 
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Figure  3-41.  Tne  AC  Effect  jn  Current 
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3-44.  The  BCE 


3.  2  Unconditioned  and  Conditioned  Breakdown  Voltage 

In  Figures  3-1  through  3-15  the  various  effects  and  interactions 
have  been  ploited  as  a  function  of  gap  separation  by  auding  the  result  of  a  posi¬ 
tive  effect  to  the  mean  value  of  breakdown  voltage,  as  was  done  for  the  mag¬ 
netic  results  reported  in  the  Eleventh  Quarterly  Report. 

The  significant  results  of  this  analysis  are  that  precisely  the  same 
effects  and  interactions  are  revealed  in  the  first  two  cycles  as  were  shown  in 
the  third  (magnetic  test)  cycle.  In  particular  the  A  and  B  effects  which  show 
up  very  small  and  hence  with  rather  d'  bious  significance  come  out  much  greater 
but  with  just  the  same  reproducibility  over  all  gap  separation  and  from  tr  it  to 
test.  Physically  this  means  that  the  pretreatment  procedure  affected  both  the 
anode  and  cathode  but  after  the  first  test  cycle  the  magnitude  of  the  effects  de¬ 
creased.  Again  the  C  and  AC  effects  were  the  most  significant. 


3.  3  Effect  of  Conditioning 

The  magnitude  of  the  increase  in  breakdown  voltage  Vg  between 
conditioned  and  unconditioned  has  been  analysed.  There  are  12  breakdown 
events  between  each  measurement  and  these  are  equally  distributed  among  gap 
separations  from  0.  5  to  3.  0  cm. 

The  principal  results  are: 

(1)  The  conditioning  effect  decreases  with  gap  separation. 
This  could  also  imply  a  decrease  with  the  total  number 
of  sparks. 

(2)  The  C,  BC  and  ABC  effects  are  the  most  consistently 
significant,  the  latter  having  a  steady  downward  trend, 
as  in  the  p-effect. 

3.  4  Effect  of  Magnetic  Field 

After  completing  the  design  tasks  of  the  block  of  eight  experiment 
some  exploratory  research  was  done  during  all  treatm  :nts  to  study  the  effect 
of  magnetic  field  strength  on  breakdown  voltage.  Breakdowns  were  observed 
for  six  values  of  transverse  magnetic  field  intensity  from  zero  to  290  gauss  at 
either  2  cm  or  3  cm  gaps.  Unfortunately  due  to  the  exploratory  nature  of  the 
work  the  gap  separation  was  not  standardized  but  the  * -sts  were  made  over  all 
treatments.  The  change  in  breakdown  voltage  A  Vg  over  the  zero  field  value 
wa3  normalized  by  representing  it  as  a  percentage  of  that  value.  Various  ef¬ 
fects  and  interactions  were  derived  from  this  set  of  results  bv  using  the  Yates 
Algorithm.  There  are  presented  graphically  in  Figures  3-24  through  3-31. 
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The  average  effect  of  the  transverse  magnetic  field  is  small  and 
positive  up  to  about  100  amps  magnitizing  current  (~  80  gauss)  and  then  it  goes 
negative  up  to  about  -10%  at  250  gauss.  This  last  figure  is  smaller  than  the 
average  effect  at  3  cm  gap  taken  from  the  previous  stack  of  the  experiment.  It 
is  thus  important  to  conduct  future  experiments  over  a  range  of  trans\  erse  mag¬ 
netic  field  strengths.  The  experiment  if  conducted  for  instance  at  80  gauss 
would  have  yielded  a  zero  effect. 

The  combined  influence  of  magnetic  field  and  anode  baking  (AE)  be¬ 
comes  steadily  more  negative  with  increating  field  and  the  opposite  is  true  for 
cathode  baking  (BE).  The  CE  effect  (electrode  size)  is  oscillatory  and  all  com¬ 
binations  with  this  and  A  are  likewise  oscillatory. 


3.  5  The  Ultimate  Prebreakdown 

3.  5.  1  Current  Data 

During  the  third  (magnetic  test)  cycle  of  data  taking  the  ultimate 
prebreakdown  current  was  recorded  with  the  breakdown  voltage.  The  logarithm 
of  this  current  has  been  used  as  a  parameter  with  which  to  study  the  various 
possible  effects  and  interactions.  The  results  of  the  Yates  Algorithm  are  pre¬ 
sented  in  Table  3-4  and  in  Figures  3-32  through  3-46  in  the  same  manner  as 
VB  has  been  treated. 

The  logarithm  of  the  current  is  strongly  indicative  of  the  tunneling 
probability  function  for  an  elec.ron  leaving  the  cathode  surface.  This  in  turn 
depends  upon  the  shape  of  the  cathode  surface  potential  barrier  which  governs 
field  emission. 

The  significant  results  to  note  are  outlined  in  the  following  sub¬ 
sections. 


3.  5.  2  The  Average  Current  (p.) 

The  logarithm  of  the  ultimate  prebreakdown  current  as  a  function 
of  square  root  of  gap  separation  shows  a  deep  undulating  trough  in  the  gap  sep¬ 
aration  range  from  1.  5  to  2.  5  cm. 

The  application  of  a  transverse  magnetic  field  reduces  this  current 
and  after  the  field  is  removed  there  is  an  increase  in  the  ultimate  prebreak¬ 
down  current.  It  is  the  same  general  function  of  gap  separation  in  all  of  these 
cases. 
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3.  5.  3 


Principal  Effects  and  Interactions 


Without  figures  of  confidence  it  is  difficult  to  interpret  reliable 
effects.  Some  phenomena  however  are  worth  noting. 

Vacuum  baking,  of  the  cathode  (B  effect)  strongly  influences  the 
undulating  shape  of  the  characteristics  and  the  BC  effect  is  consistently  positive. 
Large  area  electrodes  seem  to  lower  the  ultimate  prebreakdown  current  below 
the  average  and  magnetic  field  influences  this. 

The  factor  A  (anode  treatment)  and  all  of  its  interactions  contribute 
either  positively  or  negatively  to  the  ultimate  prebreakdown  current  according 
to  the  gap  separation  in  similar  ways. 
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SECTION  4 


PHYSICAL  ANALYSIS  OF  RESULTS  OF  THE 
"BLOCK  OF  EIGHT"  EXPERIMENT 


4.  1  Prebreakdown  Current 


Apart  from  the  dramatic  effects  of  the  transverse  magnetic  field 
Strength  on  breakdown  voltage  the  next  most  important  observation  was  that  the 
prebreakdown  current  was  reduced  progressively  as  the  field  strength  was  in¬ 
creased.  Current  -  voltage  characteristics  at  various  magnetic  field  strengths 
are  presented  in  Figure  4-1.  The  undulations  in  the  characteristics  are  thought 
to  be  due  to  resonant  variation  of  the  tunneling  probability  as  proposed  by  Duke 
and  Afferuff' 

The  field  strengths  involved  were  extremely  small,  the  greatest 
being  250  gauss  and  the  significant  current  changes  are  too  much  to  be  explained 
by  the  minute  changes  made  to  the  electron  vacuum  trajectories.  It  is  however 
possible  to  explain  it  in  the  following  manner  by  studying  the  surface  physics  of 
a  field  emitter  in  a  transverse  magnetic  field.  This  may  be  termed  the  Hall 
effect  in  field  emission. 

Consider  the  physical  situation  of  a  strong  field  emission  current 
density  Jx  flowing  into  vacuum  across  a  metal  surface.  Ordinarily,  an  ohmic 
electron  field  develops  inside  the  metal  in  the  x  direction  when  a  transverse  Hz 
field  is  applied  an  Ey  field  develops  but  is  shorted  out  if  there  is  an  internal 
conduction  path.  A  3ystem  of  such  shorting  loops  is  shown  for  an  emitting  tip 
in  Figure  4-2.  The  reaction  of  this  against  the  Hz  field  is  such  as  to  reduce 
the  Jx  current.  Thus  Jx  and  Jy  are  complimer vary  to  one  another  and  are  re¬ 
lated  by  a  tensor  conductivity.  The  appropriate  conductivity  data  of  course 
pertain  to  the  surface  states  of  the  metal. 

If  the  cur’-ent  strength  is  governed  by  a  tunneling  probability  through 
the  barrier  this  will  be  a  function  of  0,  the  angle  of  incidence  relative  to  the 
normal  to  the  barrier.  At  the  same  time  0  is  determined  by  the  tensor  con¬ 
ductivity  and  two  expressions  will  simultaneously  fix  J ( 0 )  the  current  density 
and  direction. 


75 


1-2448 


77 


The  first  of  these  equations  arises  from  analysis  of  the  tunneling 
probability  of  an  electron  approaching  a  barrier.  When  the  approach  is  not 
normal  to  the  surface  the  electron  will  see  an  electric  field  reduced  by  the 
factor  cos  6  which  therefore  enters  the  Fowler-Nordheim  exponent  linearly. 
This  very  simple  viewpoint  neglects  the  finer  point  that  electrons  cross  the 
barrier  at  all  angles  but  the  average  is  at  an  angle  9  to  the  normal.  This  is 
however  no  worse  a  restriction  than  is  assumed  in  the  usual  Fowler-Nordheim 
theory. 


The  angle  8  can  be  inferred  from  the  tensor  conductivity  thus: 


E1  =  “'ll  J  +  “j.  JH 


e2  =  -„n  J  +  JH 


therefore: 


<r 

X 


and  from  Figure  4-3: 


if  the  field  E£  is  shorted  out  and  since: 


=  bH 


where  b  =  electron  mobility  on  the  metal  surface.  Therefore: 
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Figure  4-3.  Diagram  to  Illustrate  Passage  of  Electron 
Current  From  Metal  into  Vacuum 
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Hence  the  Fowle r- Nordheim  expression  is: 


r 


l 


and  since: 


then: 


J 


A  E 


exp  / 
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The  electric  field  Ej  is  the  value  pertaining  to  the  narrow  region 
just  inside  the  metal  surface.  In  a  perfect  conductor  Ej  =  0  but  in  real  cases 
it  depends  upon  the  electron  distribution  at  the  surface  and  therefore  to  the 
properties  of  the  surface  states.  If  Es  were  applied  to  the  surface  of  a  perfect 
conductor  in  vacuum  an  appropriate  charge  sheet  would  develop  to  screen  it 
from  the  interior.  In  the  real  case  however  the  charge  density  falls  off  more 
gradually  into  the  metal  in  accordance  with  the  population  density  of  the  surface 
states.  Thus  the  internal  surface  field  intensity  can  be  represented  as  a  func¬ 
tion  of  depth  x  from  the  surface  as: 


where: 


E 

s 


C  <  4>,  (x)  <  E 
1  s 
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or: 


where : 


0  <  4>(x)  <  1 

The  conductivity  c  is  also  proportiona!  to  the  electron  density  at  any  depth  and 
is  therefore  proportional  to  dEj/dr.  Thereiore: 


dE. 


(l  -  4>U)} 


dx  I 


Therefore: 


E.  ,  (l  -  fix)} 


dEj 

dx 


4>(x) 

V 


since: 


Thus : 


VE  =  12  tr  yk 
s 


B 


*(x) 

V 


1  +  (bH) 


T/Z  +  Const 


This  shows  clearly  that  the  expression  should  increase  with  H  increasing  and 
decrease  as  V  increases.  This  is  shown  to  be  so  in  Figures  4-4  through  4-9 
which  were  plotted  from  the  rerults  of  five  consecutive  tests  in  which  the  ulti¬ 
mate  prebreakdown  current  and  breakdown  voltage  were  measured  at  2  cm  and 
3  cm  gaps  over  the  range  of  transverse  field  strengths  from  0  to  250  gauss. 

The  results  show  quite  clearly  that  there  is  a  general  trend  which  is 
critically  dependent  on  the  test  sequence  and  is  therefore  a  function  of  level  of 
conditioning. 
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Figure  4-4. 


I/V  Log  i/V  as  «a  Function  oe  V  and  Magnetizing 
Current  (3  cm  gap  -  Test  No.  1) 
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ure  4-5.  i/V  Log  I/V  as  a  Function  of  V  and  Magnetizing 
Current  («.  1  cm  gap  -  Test  No.  2) 
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Figure  4-7.  i/V  Log  I/V  as  a  Function  of  V  and  Magnetizing 
Current  (3  cm  gap  -  Test  No.  4) 


too  120  140  160  180  200  220  IB(amp«) 

0  50  100  150  200  250  300  V{hv) 


Figure  4-8, 


i/V  Log  l/V  as  a  Function  of  V  and  Magnetising 
Current  (3  cm  gap  -  Test  No.  5) 
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The  theoretical  interpretation  of  this  data  indicates  that  the  details 
of  the  phenomena  will  explained  by  some  knowledge  of  the  surface  physics 
of  the  cathode. 


4.  2  Collapse  of  Gap  Voltage 

For  five  of  the  block  of  eight  experiments,  waveforms  showing  col¬ 
lapse  of  gap  voltage  were  taken  during  the  early  part  of  the  test  (up  to  25  break¬ 
downs).  The  time  to  collapse  is  defined  at.  the  time  interval  between  the  scope 
triggering  and  collapse  of  gap  voltage  to  almost  zero,  the  probe  requiring  a 
rapid  gap  voltage  fluctuation  of  several  kilovolts  to  cause  it  to  trigger  the  oscil¬ 
loscope  (Figure  4-10). 

The  results  are  shown  in  Figures  4-11  through  4- )  5  and  all  data 
collected  together  in  Figure  4-16  with  the  overall  mean  time  shown  for  each  gap. 
It  is  seen  that  up  to  1 .  5  cm  gap  the  mean  collapse  time  increases  almost  linearly 
with  spacing  (150  x  I0"9  sec/cm)  while  for  2  to  3  cm  gaps  is  approximately  550 
nsec. 


In  the  majority  of  waveforms,  the  gap  voltage  tended  to  collapse 
partially  (20  to  30%)  and  then  recover  before  proceeding  to  total  collapse.  Dur¬ 
ing  the  total  collapse  some  oscillation  on  the  decaying  voltage  was  usually  ob¬ 
served.  In  ihe  few  cases  where  corresponding  current  waveforms  were  re¬ 
corded,  the  voltage  waveforms  oscillations  coincided  with  irrent  oscillations. 
At  a  given  gap,  the  waveforms  were  seldom  reproducible  suggesting  variations 
of  gap  impedance  as  being  the  main  cause  of  oscillations  rather  than  the  external 
circuit  (Figure  4-17). 

Th.2  frequency  of  the  main  oscillation  of  the  breakdown  current 
(taken  from  relatively  few  results)  depends  on  gap  separation  in  the  manner 
shown  in  Figure  4-17.  The  peak  current  is  normally  several  hundred  amperes 
(200  to  1500  ampli.e,  in  reasonable  ag  reement  with  the  value  calculated  from  the 
voltage  and  source  impedance  (160  ohms).  It  is  low'er  than  the  calculated  value 
due  to  the  peak  current  occuring  when  there  is  still  much  of  the  voltage  across 
the  gap,  that  is,  in  the  high  impedance  phase  (~  100  ohms).  The  reason  for  cur¬ 
rent  reversal  of  10  to  20  per  cent  is  not  clear  (Figure  4-18). 

Heard^  when  applying  pulses  superimposed  on  a  steady  voltage 
observed  a  time  delay  between  the  application  of  the  pulse  and  current  build-up 
and  suggested  a  transit  time  effect.  He  observed  a  slowly  rising  current  prior 
to  rapid  current  build-up.  Steps  or  the  current  build-up  waveform  were  sug¬ 
gested  as  being  caused  by  an  ion-electron  process  (ions  arriving  at  the  cathode). 
Smith  and  Mason*^  when  applying  a  4/5000  microsecond  impulse  wave  to  large 
stainless  steel  electrode  (2  cm  gap)  noted  two  distinct  types  of  gap  voltage  col¬ 
lapse.  Some  16  to  28  microseconds  after  applying  the  impulse  the  gap  voltage 
either  (a)  collapsed  rapidly  in  less  than  one  microsecond  or  (b)  fell  slowly  over 
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Figure  4- 1 0. Voltage  Collapse  Waveforms  (Treatment  ac) 
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TIME  FOR  GAP  VOLTAGE  TO  COI 
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Figure  4-12.  Coliapse  of  Gap  Voltage  (Treatment  a) 
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TIME  FOR  GAP  VOLTAGE  TO  COLLAPSE  (  nono»*c 
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Figure  4-14.  Collapse  of  Gap  Voltage  (Treatment  ac) 
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Figure  4-18, Gap  Voitage  and  Current  Waveforms  for  3.  0  cm  Gap 
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several  microseconds.  In  the  latier  case  the  gap  current  was  estimated  at  20 
amperes.  Visually  type  (a)  was  a  violet  filamentary  breakdown  and  type  (b)  a 
pale  diffuse  glow  filling  most  of  the  gap  space.  They  suggest  that  the  most  prob¬ 
able  mechanism  is  vaporization  of  cathode  or  anode  by  electron  current,  the 
vapor  filling  the  gap  at  10^  cm/second  and  gas  breakdown  occuring  in  the  gap. 

Since  our  experiments  were  conducted  with  sensibly  steady  poten- 
t’als  it  is  not  apparent  as  to  what  the  breakdown  initiating  event  is  and  how  cur¬ 
rent  builds  up  from  the  10' ^  to  10"^  ampere  range  to  the  hundred  ampere  range. 
Breakdowns  have  occurred  with  prebreakdown  currents  ranging  from  10*^  to 
1(T5  amperes  suggesting  that  the  value  is  not  too  impc.tant.  Several  break¬ 
downs  occurred  which  failed  to  trigger  the  oscilloscopes  monitoring  voltage  and 
current.  The  low  frequency  cut-off  of  the  probes  would  make  them  insensitive 
to  slow  changes  of  V  and  I  such  as  those  observed  by  Smith  and  Mason  and  could 
account  for  the  failure  to  trigger.  This  effect  was  more  noticeable  with  mag¬ 
netic  field  present. 
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SECTION  5 


EXPERIMENTAL  DESIGN 


5.  1  General 


The  factors  selected  for  the  next  experiment  are  given  in  Table  5-1 
and  are  seen  to  consist  of  five  inflexible  factors  and  four  flexible  factors.  They 
are  as  follows: 

(1)  Inflexible :  Anode  material,  cathode  material,  electrode 
treatment,  anode  size  and  anode  shape.  These  are  all 
constructional  and  cannot  be  varied  without  opening  up 
the  vacuum  test  chamber. 

(2)  Flexible :  Magnetic  field,  gas  exposure  and  energy  stor¬ 
age.  Electrode  spacing  may  also  be  considered  a  flex¬ 
ible  factor.  These  can  be  varied  continuously  without 
disturbing  the  test  set  up. 

All  factors  will  be  investigated  at  two  levels  which  are  designated 
high  and  low  and  are  represented  by  the  lower  case  letter  and  numeral  one 
respectively 

It  has  been  decided  to  perform  a  complete  2^  factorial  experiment 
for  the  inflexible  factors  since  third  order  interactions  may  have  possible  sig¬ 
nificance  ard  it  was  therefore  judged  imprudent  at  this  stage  in  the  program  to 
neglect  them  by  confounding  with  main  factors  in  a  partial  factorial  experiment. 
Once  the  magnitude  and  significance  of  such  interactions  is  evaluated  ti  _*y  can 
be  confounded  with  confidence  in  any  future  experiments  introducing  further 
factors. 


The  fu11  experiment  will  consist  of  32  individual  experiments  or 
treatments.  These  will  be  divided  into  two  blocks  typically  as  shown  in  Table 
5-2.  The  selection  of  the  treatments  will  be  made  as  follows.  Each  block  will 
consist  of  a  full  factorial  for  factors  A,  B,  C  and  D  with  factor  E  held  constant 
at  the  low  level  for  the  first  block  and  at  the  high  level  for  the  second.  The 
order  in  each  block  will  be  randomized.  As  a  result  of  this  "blocking"  a  statis¬ 
tical  analysis  at  the  half  way  stage  will  yield  both  main  effects  and  higher  order 
interactions  for  the  4  factors  varied,  with  factor  E  at  high  level.  Upon  com¬ 
pletion  of  the  32  treatments  the  experience  will  then  be  equivalent  to  a  full  fac¬ 
torial  2^  block,  if  there  is  no  history  effect,  and  will  be  analysed  accordingly. 

To  incorporate  the  flexible  factors  the  technique  of  stacking  will  be 
employed.  This  has  been  used  for  the  previous  2^  block  experiment  and  is 
described  in  the  Eleventh  Quarterly  Progress  Report.  However,  since  addi¬ 
tional  factors  are  presently  involved  and  since  this  marks  the  beginning  of  a 
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Table  5-1.  Factors  for  Second  Stacked 
Block  Experiment 


Inflexible 

F lexible 

Anode  Material  A 

Cathode  Material  B 

Magnetic  Field  F 

Electrode  Treatment  C 

Gas  Exposure  G 

Anode  Size  D 

Energy  Storage  H 

Anode  Shape  E 

Gap  I 

100 


101 


major  experiment,  the  parameters  to  be  used  in  the  analyses,  the  factor  levels, 
and  the  complete  procedures  for  both  main  and  stacked  experiments  are  now 
presented. 

5.  Z  Electrode  Shape  and  Variables  to  be  Investigated 

In  addition  to  the  breakdown  voltage  Vg,  the  following  variables  will 
also  be  used  in  the  analysis: 

V  p  the  threshold  voltage  for  the  appearance  of  pressure 
surges. 

Ipp  the  logarithm  of  the  ultimate  prebreakdown  current. 

T  the  formative  time  lag  for  the  collapse  of  voltage 

across  the  gap. 

Vg  and  Ipg  will  be  measured  for  all  treatments  and  p  is  ex¬ 
pected  should  be  measureable  in  most.  The  formative  time  lag  T  should  be 
measured  as  widely  as  possible  over  the  parameters  already  shown  to  affect  it, 
namely  gap  separation  and  magnetic  field  strength  as  well  as  wdth  the  other 
parameters.  It  should  oe  measured  at  two  widely  different  gaps  (e.  g.  ,  1.0  and 
4.  0  cm,  and  at  0  and  400  gauss),  since  these  values  will  be  used  in  all  the  treat¬ 
ments  involving  magnetic  field. 

The  relative  pumping  conductance  and  field  distributions,,  il  is  hoped, 
can  be  calculated  for  each  configuration.  It.  may  then  be  possible  by  techniques 
of  regression  analysis  to  relate  area  and  shape  effects  at  different  gap  separa¬ 
tions  with  either  of  these  two  physically  meaningful  parameters. 

The  following  sizes  and  geometries  were  chosen  for  the  electrodes: 

(1)  Anode :  1-1/4  inch  and  4  inch  diameter  spherical  and 
Bruce  profile  electrodes. 

(Z )  Cathode:  Z  inch  diameter  spherical  electrodes. 


5.  3  The  Choice  of  Materials 


A  review  will  now  be  given  of  the  possible  selections  of  material 
and  the  reasons  for  the  final  choice. 

(i)  Coppe r.  This  material  has  been  investigated  in  previous 
experiments.  A  process  of  learning  about  its  various 
interactions  with  other  materials  is  taking  place  and  be¬ 
sides  being  readily  obtainable,  it  is  used  extensively  in 
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devices  Limited  by  vacuum  breakdown.  It  has  moreover 
very  well  investigated  physical  properties  which  make 
data  analysis  and  theoretical  calculations  much  more 
meaningful. 

(2)  Titanium.  Although  this  material  has  been  investigated 
and  lias  highly  desirable  properties,  it  can  not  be  baked 
in  hydrogen  because  of  the  formation  of  a  hydride  powder. 
The  electrodes  would  simply  turn  into  dust  ana  the  inter¬ 
actions  with  processing  could  not  be  investigate  1. 

(3)  Tungsten,  Molybdenum  and  Tantalum.  These  materials 
at  the  moment  have  long  delivery  times  inconsistent  with 
the  program. 

(4)  Nickel.  This  material  is  readily  available  and  widely 
used  in  vacuum  equipment  but  it  magnetizes  with  an 
associated  hysteresis  which  it  is  felt  would  be  undesir¬ 
able. 


(5)  Stainless  Steel.  This  material  is  widely  used  in  high 
voltage  vacuum  equipment,  dissolves  hydrogen  much 
more  than  copper,  and  could  be  pretreated  in  the  same 
manner  as  copper.  The  correct  choice  of  type  is  more¬ 
over  non-magnetic. 

(6)  Aluminum.  This  material  is  readily  available  but  sorbs 
much  less  hydrogen  than  copper  and  at  a  much  lower 
rate  (see  Tabel  5-3  and  Figure  5-1).  The  material  melts 
at  a  much  lower  temperature  and  will  require  a  differ¬ 
ent  pretreatment. 

It  does  however  have  desirable  more  widely  different  physical  char¬ 
acteristics  from  those  of  copper  when  seen  from  the  point  of  view  of  an  anode 
heating  model.  Zinn^  ^  et  al,  have  found  strong  correlation  between  experi¬ 
mental  data  and  the  empirical  formula: 


where : 


k  C  3  T  b  dn 
s  v 


C  =  specific  heat  of  anode  material 

s 

T^  =  temperature  at  which  a  vapor  pressure  of  10_J  torr 
is  obtained 

d  =  gap  separation 
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Table  5-3.  Constants  for  Rates  of  Diffusion  of  Gases  through  Metals 
and  Values  of  t°C  for  -  micron,  liters  (0°C)  per  cm2  per  min  per  mm 
Thickness  at  1  atm  Pressure  (From  Dushman  and  Lafferty, 
"Scientific  Foundations  of  Vacuum  Technique",  Wiley,  1965) 


System  Ref. 


<*Cfor  Q't 


1.0  10 


H,-Ni  3 

4 

5 


H,-Pt  3 


H,-Pd  9’g‘ 


1041  (5) 


Kt-Fe  4 
11 


HrAl  3  3.723 


H,-Mo  3 
NrMo  3 
^  N,-Fe  1 1 
CO-Fe  11 


12 

0»-Ag  13 

13 


4.D679 


3.0185 


3.7526 


3.2133 


214 

361 

735 

204 

349 

619 

264 

418 

697 

-  1.03  •  10~*  for  500’  C 

-  1.02  •  10-’  for  600°  C 


813  1167  1862 


1687  2174  2444  (25) 


1431  (5) 


1344  (5) 


940(4) 
926  (4) 


Figure  5-1.  Solubility  of  Hydrogen  in  Various  Metals  as  a  Function 
Temperature  (After  Waldschmidt)  (Metall-Verlag  GMBH,  Berlin) 

(Kohl,  Walter  H.  ,  "Materials  and  Techniques  for  Electron  Tubes", 
General  Telephone  and  Electronics  Technical  Series,  1960) 
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Aluminum  has  a  idely  different  value  of  k  from  chat  of  copper  so 
hat  a  large  variation  of  would  be  expected.  The  choice  of  materials  is  thus 
copper  and  aluminum. 


5.  4  Electrode  and  System  Preparation 

(1)  Vicuum  or  hydrogen  firing  of  electrodes  for  6  hours  at 
900  C  for  copper  and  600°C  for  aluminum,  because  of 
the  lower  melting  point  of  the  latter.  Test  samples  will 
be  prepared  and  analysed  for  gas  content  so  that  differ¬ 
ences  in  gas  content  will  be  known.  Due  to  the  very 
different  sorption  properties  of  Cu  and  A1  to  it  is  ex¬ 
pected  that  a  strong  interaction  of  anode  material  with 
treatment  should  show  up  in  the  results. 

(2)  When  cooled  to  ambient  temperature,  electrode  trans- 
tcr  in  a  dry  nitrogen  atmosphere  to  the  test  chamber. 

(3)  Overnight  pumping  t.,  less  then  10  torr. 

(4)  Chamber  bake  at  375  °C  for  6  hours  with  concurrent 
electrode  bake  at  400°C  for  8  hours. 

(!>)  Chamber  and  electrode  i  are  allowed  to  cool  to  ambient 
temperature. 


5.  5  Main  Experiment 

The  main  experiment  v/ill  cover  blocks  £l]  and  ^2j  of  Table  5-2, 
viz  the  i'll  factorial  of  the  5  inflexible  factors.  It  will  be  split  as  indicated  in 
Section  5.  1  into  two  separate  ■  factor  full  factorial  experiments  thus  permitting 
separate  analyses  after  16  treatments  and  upon  completion  of  all  32  treatments. 
At  the  latter  stage  the  fifth  factor,  anode  shape,  may  also  be  incorporated  for 
analysis  on  the  basis  of  a  full  factorial  2^  experiment.  This  may  necessitate 
making  allowance  for  an  experimental  history  effect  if  one  is  present. 

A  range  of  gaps  from  0.  5  *o  *!.  0  cm  will  be  examined  as  follows  to 
provide  information  both  for  unconditioned  and  conditioned  electrodes. 

(1)  3  breakdowns  at  1.  0  cm  gap 

(2)  1  breakdov'n  at  each  hig.  er  gap  setting  up  to  4.  0  cm 

(3)  1  breakdown  at  0.  5  cm  gap 
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(4)  repeat  cycle  for  "conditioned"  breakdown  voLage  with 
again  a  1  breakdown  at  each  gap  seiting. 

This  will  occupy  the  first  day  of  the  test  program. 


5.  6  First  Stacked  Experiment  -  Magnetic  Field 

Upon  completion  of  this  main  experiment  for  each  treatment  of 
blocks  [l]  and  a  second  or  stacked  treatment  will  be  carried  out  to  inves¬ 

tigate  tne  effect  of  the  magnetic  field.  This  is  shown  on  Table  5-  1  by  blocks 
[^1  r  1 1  and  ^4^  ^  f  ^2j  where  f  represents  the  addition  of  magnetic  field 
factor.  LTliis  will  be  carried  out  over  a  range  of  gap  separations  and  transverse 
magnetic  field  strengths  in  the  following  manner. 

First,  a  zero  field  mea  jurement  »s  made  and  will  be  repeated  at 
i  00,  200,  300  and  400  gauss.  This  procedure  will  be  performed  firstly  at  1 .  0  cm 
gap,  then  at  1.5,  2.  0,  2.  5,  3.  0,  3.  5,  4.  0,  0.  5  and  finally  1.  0  cm  again.  The 
start  is  made  at  1 .  9  cm  as  before  because  prebreakdown  current  increases  be¬ 
low  this  gap  and  it  is  feared  that  it  may  do  some  unwanted  conditioning.  This 
will  take  up  the  second  day  of  test  and  on  the  third  day  the  appropriate  treatrn  nt 
of  experiments  or  j^6^J  will  oe  performed. 


5.  7  Second  Stacked  Experiment  -  Gas  Exposure  and  Erergy  Storage 


These  blocks  |^5j  and  6 J  represent  respectively  the  effects  of  gas¬ 
eous  exposure  and  energy  storage  respectively.  By  this  it  is  meant  that  for  the 
16  treatments  of  block  ^5j  the  vacuum  system  will  be  exposed  to  oxygen  at  10”^ 
torr  for  a  measured  period  and  then  pumped  back  to  its  base  pressure  before 
testing.  This  will  be  done  for  the  fir«t  16  treatments  both  with  and  without  mag¬ 
netic  field  applied.  During  the  next  16  treatments,  instead  of  exposing  the  sys¬ 
tem  as  described,  some  energy  storage  will  b?  added  and  the  tests  will  again  be 
repeated  as  be  ire,  with  and  without  the  magnetic  field.  The  maximum  field 
strength  of  409  gauss  is  recommended  for  [^5]  and  f6]  . 


F] 

and  also 


[6]  *h[2] 

and  also  =  h 


where  g  and  h  represent  the  addition  of  the  gas  exposure  and  energy  storage 
respectively. 
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In  all  these  expe r iments,  the  only  effect  which  will  be  confounded 
will  be  those  involving  the  interactions  gas  exposure  x  anode  shape  and  energy 
storage  x  anode  shape.  These  have  been  judged  to  be  least  likely  to  be  of  im¬ 
portance. 
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SECTION  6 


FUTURE  EFFORT 


During  the  next  quarter  the  following  will  be  pursued: 

•  C(  tinue  analysis  of  the  results  of  the  pilot  experiment. 

•  Continue  analysis  of  the  results  of  the  block  of  eight 
expe  riment. 

•  Decide  on  experimental  order  and  initiate  second  block 
expe  r  iment. 

•  Redesign,  fabrication  and  checkout  of  new  electrode 
heating  system. 

•  Conditioning  and  commissioning  of  second  bake  ible 
column. 

•  Checkout  of  energy  storage  and  crowbar  systems. 

•  Analysis  of  results  of  second  block  experiment. 

•  Complete  overhaul  of  300  kv  system  and  maintain  it  in 
an  operational  state. 

•  Prepare,  process  and  examine  electrodes. 
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ELECTRODE  DAMAGE  FROM 
TRANSIENT  HEAVY  CURRENT  SPARKS 


Introduction 


A  model  is  presented  to  describe  electrode  damage  due  to  heavy 
currents  flowing  in  spark  channels  for  time  durations  of  tens  of  nanoseconds. 
Characteristically,  the  observed  damage  comprises  a  ring  of  fro/.en  metal  pro¬ 
jecting  from  the  surface  with  regularly  spaced  spikes  superimposed  azimuth- 
ally  upon  it. 

Vacuum  spark  damage  also  exhibits  similar  features  except  that 
many  frozen  rings  appear  with  ripples  superimposed.  The  damage  is  thought 
to  occur  by  the  same  mechanism  but  a  different  kind  of  current  rise  as  a  func¬ 
tion  of  time  changes  the  form  somewhat. 

The  following  analysis  is  aimed  at  clarifying  the  mechanism. 


Statement  of  Problem 


At  the  center  of  each  ring,  observation  shows  that  there  is  a  small 
crater  where  metal  immediately  below  the  spark  channel  was  vaporized.  No 
account  will  be  taken  here  of  spark  channel  expansion  and  it  will  be  formalized 
simply  as  a  fixed  conducting  cylinder  produced  instantaneously  between  two 
high  voltage  electrodes.  Current  however  cannot  be  established  until  magnetic 
flux  has  diffused  into  the  conductors.  The  channel  conductivity  is  much  less 
than  that  of  the  electrode  metal  and  diffusion  into  it  is  rapid  enough  to  be  con¬ 
sidered  instantaneous  by  comparison. 

Flux  diffusion  into  the  electrode  surface  will  cause  melting  because 
of  the  accompanying  resistive  power  dissipation.  Electromagnetic  forces  also 
act  normally  into  the  electrode  surface  but  decrease  in  strength  radially.  Since 
the  surface  becomes  fluid  with  a  radial  electromagnetic  pressure  gradient,  a 
steady  flow  will  occur  in  such  a  manner  as  to  cancel  it. 

The  problem  can  now  be  formulated  as  that  of  determining  the  hy- 
dromagnetic  flow  pattern  of  a  fluid  with  a  free  surface  flowing  radially  outwards 
across  an  azimuthal  magnetic  field. 


The  Hydromagnetic  Fiow  Equations 


Hydromagnetic  flow  will  be  considered  radially  across  an  azimuthal 
magnetic  field  distribution  for  a  disc  of  conducting  fluid  initia  of  uniform 
depth  but  with  a  free  surface.  There  is  no  indication  from  the  conditions  of  the 
problem  that  melting  occurs  to  a  uniform  depth  but  this  will  he  assumed  as  a 
first  approximation  to  demonstrate  the  essential  principles  of  the  mechanism. 
Azimuthal  symmetry  will  be  assumed  so  as  to  reduce  the  problem  to  two  dimen¬ 
sion  s. 


Two  fundamental  equations  must  be  satisfied  by  the  flow.  The  first, 
to  be  referred  to  as  the  flux  transport  equation  (FTE)  embodies  Ohm's  Law  and 
Faraday's  Law  in  a  moving  reference  frame  to  describe  the  flux  distribution: (* ) 


a  B  2  —  —  — 

-g-p  :  1"  B  +  curl  (u  A  B) 


(A-l) 


where : 


n 


1 

U  (T 

o 


The  second  equation  describes  the  fluid  mechanics  with  a  distributed 
electromagnetic  force  distribution  and  is  cast  in  a  form  similar  to  the  Bernoulli 
Equation.  It  will,  therefore,  be  referred  to  as  the  magnetic  Bernoulli  Equation 
(MBE): 


1  2 
P  +  2  PU 


+ 


Constant 


(A-2) 


where: 


2  2  2 
U  =  V  +  w 


and: 


p  =  hydrostatic  pressure 

A  radial  velocity  component,  v(r),  and  an  axial  component,  w(r), 
constitute  the  total  velocity,  u.  The  equation  of  mass  flow  is: 


m 

Z  ir  p  r 


v  h  ( r )  + 


_1 

r 


w  (r )  r  dr 


and  the  equation  of  streamline  flow  gives: 


(A- 3) 


w  (r) 


dh 

v(r»  ~ 


(A -4) 


The  value  of  ni  must  be  independent  of  r  and  inspection  of  the  above 
equations  shows  that  v(r)  must  be  of  the  form: 


v(r) 


l 

r 


(A -5) 


where: 


f  =  Constant 


Hence: 


w(r) 


I  dh 

r  d  r 


(A- 6) 


The  Electrode  Surface  Flow 


In  cylindrical  coordinates  the  FTE  becomes: 


*1 


l  9_B 
r  9r 


■f 


4 


(v  -  w) 


9  B 
9r 


+ 


(v  -  w) 


9  B 
9  t 


(A- 7) 
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Substituting  Fquations  (A-5)  and  (A- 6),  and  rearranging,  this  becomes; 


(A- 8) 


Now  f/r|  has  the  dimensions  of  a  magnetic  Reynolds  number  and  will  be  repre¬ 


sented  by  R  ; 

m 


8r2 


‘I- 


R  (1  -  h') 

R  (1  -  h')>  -  Is  +  - B 

m  r  3r  2 


^Eh.,B  .121  £b 
r  q  at  a  2 

O  Z 


Solving  this  by  separation  of  variables,  we  have: 
B  =  p(r)  t,  (z)  t  (t) 

and  the  equations  in  each  variable  reduce  to: 


(A-9) 


(A- 10) 


(A-ll) 
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d  t 
dt 


y2;  =  0 

(A- 12) 

2  2 

q  (a  +  y  )  t  =  0 

(A-  13) 

Thus  the  solution  is  of  the  form- 


B  =  Constant  (3(r)  exp 


n(a 


2 

+  Y  )t 


(A- 14) 


The  solution  p(r)  must  satisfy  Equation  (A- 9)  derived  from  the  FTE  and  at  the 
same  time  must  satisfy  the  MBE. 

Equation  (A-2)  can  be  written  for  u  =  0  with  the  corresponding  solu¬ 
tion  BQ.  Thus: 


P  + 


Con  stant 


Subtracting  from  Equation  (A-2),  we  have: 


B 


0 


(A  -  1  5) 


(A- 16) 


The  form  of  BQ(r)  is  obtained  by  solving  Equation  (A- 11)  with  Rm 
=  0  for  which  modified  Bessel  solutions  are  obtained; 

B  =  |i  IU  («r)  (A- 17) 

o  o  o 

where  Uq(qt)  is  an  appropriate  solution.  When  a  is  small,  UQ  (ar)  —  1/  nr. 
Hence: 


R  2  (1  +  h'2)  +  K,  (B  r)2 
m  1 


where  Kj  and  are  constant. 


(A- 18) 
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Therefore: 


B 


2  2 
R  (1  +  h'  ) 
m 


1/2 


K, 


I 


(A-  19) 


If  dh/dr  =  h'  =  Constant,  then  B(r)  cc  l/r.  This  must  be  consistent  with  the 
solution  of  Equation  (A- 11)  which,  for  the  same  assumption  (h1  -  Constant), 
can  be  reduced  to  the  form: 


p"  +  <  1  +  R  (1  -  h') \ 

1  m  r 


2  . 
a  +  - r -  ;  p  =  0 


(A -20) 


The  solution  of  Equation  (A-20)  will  be  of  the  general  form:^) 


p  =  r"^  <  A  I  (ar)  +  A  K  (ar) 

1  p  2  p 


(A  -  2 1 ) 


where: 


2 

P 


-  4\ 


and: 


X.  =  R  (1  -  h') 
m 

which  may  be  either  positive  or  negative. 

The  appropriate  solution  for  a  stationary  fluid  may  be  obtained  by 
allowing  Rm  to  tend  to  zero.  Thus: 

p  =  A.  I  (ar)  +  A.,  K  (ar)  (A-22) 

1  o  2  o 

Comparison  of  Equations  (A -21)  and  (A-22)  shows  that  the  multiplier,  r-^,  and 
the  change  in  order  of  the  modified  Eessel  functions  are  produced  by  the  action 
of  the  flow.  There  is,  of  course,  no  MBE  to  be  satisfied  in  this  case  because 
a  pressure  gradient  will  be  sustained  by  the  stationary  conducting  fluid  or  solid, 
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The  problem  in  the  hydromagnetic  flow  case  is  in  finding  a  flow 
solution  to  the  FYE  which  will  at  the  same  time  have  no  pressure  gradient. 

This  necessitates  a  particular  form  for  the  depth  h  (r)  of  the  channel  as  a  func¬ 
tion  of  radius. 


Pressure  Balance 


The  condition  that  there  should  be  no  gradient  of  electromagnetic 


force  is: 


where : 


Hence: 


V  (J  a  B  )  =  0 


J  =  o-  (E  +  u  A  B  ) 


J  aB  =  ct(EaB  +  u  aBAB) 


(*-23) 


The  second  term  is  -  B^u.  Hence: 


V  (J  A  B)  =  -  B^ 


2  2  2 
u  =  V  +  w 


■  7  {'  ♦b'2} 


(A-24) 


(A_  25) 


(A -2  6) 


The  condition  that  there  is  no  pressure  gradient  in  the  flow  is  thus  that: 


Vu  =  0 


(A -2  7) 


Considering  the  flow  in  two  dimensions  as  a  radial  outward  move¬ 
ment,  the  equation  of  continuity: 


V  u  =  0 


requires: 


Constant 


(A-28) 
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Hence: 


f(l  +  h'  )  -=  Constant 


(A-29) 


and  since: 


f  = 


dr 


-1 


m 


4  it  p  h  (r) 


(A- 30) 


then  for  a  pressure  balanced  flow: 


(R  h  ) 
mo  o 


1  +  h' 


=  Constant 


(A-31) 


where: 


m 


T1 


(R  h  ) 

mo  o 


(A- 32) 


and  Rmo<  hQ  are  the  initial  values  of  Rm  and  h  at  the  beginning  of  the  flow  at 
r  =  a. 

We  can  write; 


1  +  h' 


“  ki  (ki  *  T'l  *  2!t) 


( A~33) 


with: 


kl  = 


1  -  h' 


R  h 
mo  o 


(A-?*! 


rhus,  if  ki  =  Constant,  then  the  solution  for  h  is: 


h(r)  =  ■“  +  exp  (-  k^) 


( A-35) 
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where: 


k 


2 


exp  (kj  a) 


and  kj  may  be  either  positive  or  negative  according  to  whether  the  flow  depth 
increases  or  decreases  with  radius.  The  latter  case  seems  appropriate  to  the 
present  problem.  Hence: 


h' 


-Sk2 


exp  (-k1  r) 
2  CXP  {-kl 


r) 


(A-36) 


Thus,  h'/h,  which  from  Equations  (A- 5)  and  (/ -  6)  is  seen  to  be  the 
slope  of  the  flow  direction  at  any  radius,  will  have  a  pole  at  h  =  0;  i.  e.  : 

k^  k^  exp  (-  k^r)  =  1  (A-37) 


Now  the  choice  of  kj  =  Constant  will  permit  modified  Bessel  solutions  of  the 
FTE  which  will  approximately  match  the  values  of  B  given  by  the  MBE;  but  if; 


(R 

mo 


h  ) 

o 


1  + 


£1 


Constant 


(A- 38) 


then  (1  -  h')/h  will  switch  between  two  values  as  h'/h  goes  through  infinity. 
This  means  that  the  modified  Bessel  solutions  will  be  appropriate  on  each  side 
of  a  critical  radius  at  which  h'/h  =  °°,  but  with  differc-n?:  parameters. 

From  Equation  (A-37),  we  have: 


r 

c 


7—  fn  k,  k- 
k1  1  2 


=  a  +  - —  In  (k  h  +  1) 
k.  i  o 


(A- 39) 
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The  approximate  form  of  the  MBE  shows  that  the  value  of  rc  will  increase 
almost  linearly  with  I. 


Conclusions 


It  appears  that  the  reason  for  the  characteristic  form  of  electrode 
damage  is  that  hydromagnetic  flow  outwards  on  a  disc  cf  decreasing  depth  can¬ 
not  take  place  at  zero  pressure  gradient  without  a  discontinuity  at  a  particu¬ 
lar  radius.  This  radius  increases  with  the  current  but  otherwise  no  more 
serious  damage  will  occur  unless  the  pulse  duration  increases. 

Examples  of  damage  are  given  for  a  wide  range  of  current  in  Fig¬ 
ures  A-l,  A-2  and  A-3. 

A  schematic  diagram  illustrating  the  analytical  findings  is  pre¬ 
sented  in  Figure  A-4.  Analysis  of  the  sparking  conditions  and  the  dimensions 
of  the  corresponding  photographs  provided  data  for  Figure  A-5,  showing  dam¬ 
age  size  as  a  function  of  estimated  current.  The  approximately  linear  depen¬ 
dence  of  rc  on  I  is  consistent  with  the  theory. 

There  is  no  fundamental  difference  in  the  damage  mechanism  in 
vacuum  except  that  the  spark  is  more  often  oscillatory  or  slowly  rising  (-•>  300 
nanoseconds).  Either  of  these  features  will  transform  the  damage  appearance 
somewhat  but  it  is  nevertheless  believed  to  be  inducative  of  the  current  growth 
h'rtory  of  the  ^park  channel. 
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Breakdown  Voltage  =  1.4  Mv 
Output  Impedance  =  50  ft 
Estimated  Current  =  7  ka 
Discharge  Duration  =  20  nsec 
Magnification  =  60X 


Figure  A- 1.  Spark  Damage  From  FX-15  Machine 
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Breakdown  Voltage  =  5,  5  Mv 
Output  Impedance  =  57  12 

Estimated  Current  =  1  00  ka 

Discharge  Duration  =  25  nsec 
Magnification  =  30X 


Figure  A-2.  Spark  Damage  From  FX-45  Machine 
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Breakdown  Voltage  =  10  Mv 
Output  Impedance  =  42  fi 
Estimated  Current  =  250  ka 
Discharge  Duration  =  70  nsec 
Magnification  =  9X 

Figure  A-3.  Spark  Damage  From  FX-100  Machine 


(DISCONTINUITY  IN 
B ( r )  and  h( r  )  HERE) 


Figure  A-4  Diagram  to  Illustrate  the  Hydromagm  tic 

Flow  Solution 


RING  DIAMETER  (orb 


ESTIMATED  SPARK  CURRENT  (  komps) 


Figure  A- 5  Scale  of  Damage  as  a  Function  of  Current 
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